Synthesis of the relaxed-circular (RC) genome of hepadnaviruses is a multistep process that requires template switching during reverse transcription. Studies of duck hepatitis B virus indicated the presence of cis-acting sequences, distinct from the donor and acceptor sequences for the template switches, which contribute to the synthesis of RC DNA. However, knowledge about cis-acting requirements distinct from the donor and acceptor sites for human hepatitis B virus (HBV) was lacking. In this study, we searched for cis-acting sequences for synthesis of HBV RC DNA by analyzing a set of deletion variants that collectively represent most of the HBV genome. Sequences of epsilon, DR1, DR2, 5r, and 3r were not analyzed in the study. Results from Southern blotting showed that multiple cis-acting sequences were involved in the synthesis of HBV RC DNA. Analysis of several HBV/woodchuck hepatitis virus chimeras corroborated the findings from the analysis of deletion variants. This study represents a comprehensive and quantitative analysis of cis-acting sequences that contribute to the synthesis of HBV RC DNA.
Hepadnaviruses are a family of enveloped viruses with circular double-stranded DNA genomes of 3.0 to 3.3 kb. Members of the family include human hepatitis B virus (HBV), woodchuck hepatitis virus (WHV), ground squirrel hepatitis virus, and duck hepatitis B virus (DHBV) (for reviews, see references 4 and 27) . Hepadnaviruses infect the livers of their hosts and can cause acute and chronic liver diseases. HBV is the leading cause of primary hepatocellular carcinoma. More than 350 million people are chronically infected with HBV worldwide (10) . Chronic HBV infection increases the risk for hepatocellular carcinoma 100-fold (3) . Since viral replication is necessary for maintaining viral persistence, the study of HBV DNA replication is crucial for understanding and ultimately controlling HBV pathogenesis.
Hepadnaviruses replicate their genomes by reverse transcription of an RNA intermediate, the pregenomic RNA (pgRNA) (for a review, see reference 4). Reverse transcription is a complex multistep process. DHBV is an invaluable model in elucidating the mechanism by which hepadnaviruses replicate. DHBV and HBV share little, if any, nucleotide sequence similarity; however, they have similar genome organizations and are believed to use similar mechanisms for reverse transcription. Our present understanding of hepadnavirus reverse transcription is derived largely from the study of DHBV.
Reverse transcription of hepadnaviruses takes place in the cytoplasmic nucleocapsids of infected cells (29) . The first two steps are encapsidation of pgRNA and initiation of minusstrand DNA synthesis. Hepadnavirus P protein binds an RNA stem-loop at the 5Ј end of the pgRNA, termed epsilon, to initiate encapsidation of pgRNA (1, 2, 8, 24) . P protein, acting as primer and reverse transcriptase, initiates minus-strand DNA synthesis using nucleotides within epsilon as a template (Fig. 1A) (24, (33) (34) (35) . After the synthesis of three or four nucleotides at epsilon, the nascent minus-strand DNA switches templates to a complementary sequence at direct repeat 1 (DR1), which is near the 3Ј end of the pgRNA (Fig. 1B) (21, 32, 33) . Minus-strand DNA synthesis resumes from this position. Following elongation, the RNase H activity of the P protein degrades the pgRNA template that has been copied ( Fig. 1C) (25, 29) . Minus-strand DNA synthesis proceeds to the 5Ј end of pgRNA. This synthesis results in a full-length minus-strand DNA with P protein still covalently attached to its 5Ј end ( Fig. 1D) (12, 26, 36) . The final RNase H cleavage product is a short RNA fragment of 17 or 18 nucleotides (nt) that is the primer for the initiation of the synthesis of plusstrand DNA (Fig. 1D) (11, 36) . The 3Ј end of the primer contains the sequence of DR1. For the synthesis of the most abundant form of the mature genome, relaxed-circular (RC) DNA, two template switches are required during plus-strand DNA synthesis. First, the plus-strand primer switches templates to anneal to DR2, which is near the 5Ј end of the minus-strand DNA, and initiates plus-strand DNA synthesis from DR2 (11, 28) . This template switch is called primer translocation (Fig. 1E) . Synthesis of plus-strand DNA proceeds to the 5Ј end of the minus-strand DNA (Fig. 1F) . The nascent plus-strand DNA undergoes another template switch, called circularization, to permit elongation with the 3Ј end of minusstrand DNA as a template (11) . The minus-strand DNA is terminally redundant for 9 or 10 nt (5Јr and 3Јr) (12) . The nascent plus-strand DNA, after copying the 5Јr sequence, anneals to 3Јr (Fig. 1G) . Elongation of the plus-strand DNA from 3Јr ultimately generates the RC DNA form (Fig. 1H ). There is a second pathway for the synthesis of plus-strand DNA. This pathway generates a duplex-linear (DL) DNA because the RNA primer initiates plus-strand DNA synthesis from DR1 on the minus strand. No template switch is involved during the synthesis of the plus strand of DL DNA (Fig. 1I) (28) . This type of plus-strand synthesis is termed in situ priming.
cis-acting requirements for plus-strand DNA synthesis have been studied more in DHBV than other hepadnaviruses. The role of sequence identity between DR1 and DR2 and between 5Јr and 3Јr in plus-strand DNA synthesis has been examined in DHBV (15) (16) (17) (18) 28) . Moreover, three additional cis-acting sequences that make significant contributions to the synthesis of RC DNA were identified in DHBV (6, 7) . Although there have been several studies describing cis-acting sequences for HBV replication (22, 31) , a comprehensive and quantitative analysis of cis-acting sequences for HBV replication is lacking. For the present study, we asked whether HBV has additional cis-acting requirements outside of DR1, DR2, 5Јr, and 3Јr for the synthesis of RC DNA. We analyzed a series of deletion mutants which collectively represent the entire HBV genome except for sequences of epsilon, DR1, DR2, 5Јr, and 3Јr. We found that HBV does contain additional cis-acting sequences that make positive contributions to RC DNA synthesis. Removal of these sequences led to defects of different magnitudes. Substitutions of these sequences with corresponding WHV sequences also led to cis-acting defects in RC DNA synthesis.
MATERIALS AND METHODS

Molecular clones.
All HBV molecular clones were derived from subtype ayw (GenBank accession number V01460). WHV sequences were from the WHV2 molecular clone (GenBank accession number M11082). Nucleotide position 1 of HBV subtype ayw is the C of the EcoRI site (GAATTC).
The wild-type (WT) HBV reference virus, LJ196, expresses HBV pgRNA under the control of the cytomegalovirus (CMV) immediate early promoter and does not express P, C, or envelope proteins. LJ196 was derived from parental clone pCH-9/3091 (20) (kindly provided by Michael Nassal) with the following modifications. (i) Based on primer extension analysis, plasmid pCH-9/3091 contained an extra pgRNA transcription start site (data not shown). Therefore, two nucleotides were deleted, between the CMV promoter and HBV sequences, to ensure that only the authentic start sites of pgRNA were used. (ii) Two substitutions were introduced to prevent the expression of the envelope proteins. The start codon of the S open reading frame (ORF) was changed from ATG to ACG, and the termination codon TAA was introduced into the sixth codon of the S ORF by changing the C at nt 169 to A. A BamHI site was generated by a mutation at nt 175 (T to C). (iii) To eliminate the expression of P protein, the termination codon TAG was introduced into the 13th codon of the P ORF by mutating the T at nt 2342 to A. (iv) To prevent the expression of C protein, the termination codon TAA was introduced into the fourth codon of the C ORF by mutating the G at nt 1908 to T and the C at nt 1910 A. nt 1911 was also mutated, which resulted in the introduction of the HindIII site.
The expression plasmid for HBV P and C proteins, LJ96, was derived from parental clone pCH3143 (9) (kindly provided by Michael Nassal) with the same mutations to prevent the expression of the envelope proteins as described above The pgRNA (thin line) is the template for the synthesis of minus-strand DNA. P protein (oval), being the primer and the reverse transcriptase, initiates minus-strand DNA synthesis at the bulge of the epsilon near the 5Ј end of the pgRNA. Three or four nucleotides are synthesized with the epsilon sequence used as the template. (B) Minus-strand template switch. The tetranucleotide covalently linked to P protein is moved from epsilon to the UUCA sequence of DR1 near the 3Ј end of the pgRNA, and minus-strand DNA synthesis resumes from this position. Minus-strand DNA is indicated by a thick black line, and an arrow indicates the direction of elongation. (C) Elongation of minus-strand DNA. As the minus-strand DNA is synthesized, the RNase H activity of P protein degrades the pgRNA template. (D) Completion of minus-strand DNA synthesis and generation of the plus-strand primer. Completion of minus-strand DNA synthesis results in a genome-length minus-strand DNA. The primer for plus-strand DNA initiation is generated by the final RNase H cleavage. This short RNA fragment contains a DR1 sequence at its 3Ј end. (E) Primer translocation. In this template switch, the plus-strand primer moves from DR1 to base pair with DR2 and initiates plus-strand DNA synthesis from DR2. Plus-strand DNA is represented by a double line, with an arrow indicating the direction of its synthesis. (F) Elongation of plus-strand DNA from DR2. Plus-strand DNA initiated at DR2 elongates to the 5Ј end of the minus-strand DNA, where it runs out of the template. The sequence of the terminal redundancy, 5Јr and 3Јr, on the minus-strand DNA and the complementary sequence on plus-strand DNA are shown. (G) Circularization. In this template switch, plus-strand DNA anneals to the complementary 3Јr. Plus-strand DNA synthesis resumes from the 3Јr of the minus-strand template. (H) Generation of RC DNA. Elongation of plus-strand DNA after circularization results in a RC form of the genome. (I) In situ priming. In this process, the plus-strand primer initiates plus-strand DNA synthesis from the DR1 sequence on the minus-strand template. This results in a DL form of the genome.
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HBV RC DNA SYNTHESIS 643 for LJ196. Plasmid pCH3143 was defective for pgRNA encapsidation due to the deletion of part of epsilon (9) . All the deletion mutants were made in the LJ196 background, except for deletion mutant 1833-1844. The names of the deletion mutants reflect the deleted nucleotides (inclusive) of the HBV sequences. Deletion mutant 1833-1844 was constructed from a plasmid that was similar to LJ196 but lacking the P or C mutations. Deletion mutants were constructed either by removing restriction fragments or by oligonucleotide-directed mutagenesis. All deletion junctions and the entire cloned PCR fragments were verified by DNA sequencing.
HBV/WHV chimeric clones (HW1 to HW5) were also made in the LJ196 background. PCR fragments were generated from the plasmid pSPWHV5.12ϫ (a gift from Jesse Summers, University of New Mexico), a clone containing two full-length copies of the WHV2 genome. These fragments were generated with primers that contained a WHV2 sequence at their 3Ј ends and an HBV restriction site at their 5Ј ends. These fragments were then ligated into analogous restriction sites in LJ196. The construction of any molecular clone used in our analysis will be provided upon request.
Cell culture and transfection. Human hepatoblastoma cell line HepG2 was grown at 37°C in 5% CO 2 in RPMI 1640 medium supplemented with 10% fetal bovine serum, 0.01 M HEPES, and 0.1 mM minimal essential medium nonessential amino acids. HepG2 cells were approximately 60 to 70% confluent at the time of transfection. Two hours before transfection, the cells were transferred to Dulbecco minimal essential medium (DMEM) with the same supplementation. Transfections of plasmids were performed on 60-mm-diameter plates by calcium phosphate precipitation as previously described (13) . The cells were grown in DMEM until harvest, and fresh medium was added to the cells daily. The kinetics of accumulation of intracellular viral DNA of the WT reference virus was analyzed in HepG2 cells from day 3 to day 7 posttransfection. Southern blotting showed that RC DNA reached a peak level and remained stable after day 4, and total viral DNA accumulated to the highest level on day 5 posttransfection (data not shown). Therefore, for the analysis of the WT reference and variant viruses, HepG2 cells were harvested on day 5 posttransfection.
Human hepatoma cell line Huh7 was grown in DMEM-F12 medium supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 . Huh7 cells were approximately 80% confluent at the time of transfection. Transfections were performed on 60-mm-diameter plates as described previously (13) . The kinetics of accumulation of intracellular viral DNA of the WT reference virus was analyzed in Huh7 cells from day 2 to day 10. Southern blotting showed that the amount of RC DNA reached a maximum after day 6, whereas the amount of total viral DNA increased from day 2 to day 7 and started to decrease after day 7 (data not shown). Therefore, in this study, Huh7 cells were harvested on day 6 posttransfection.
Isolation of viral DNA and Southern blotting. To harvest both HepG2 and Huh7 cells, plates were frozen at Ϫ70°C after being washed with HEPESbuffered saline plus EGTA buffer (2 mM HEPES, 150 mM NaCl, 0.5 mM EGTA [pH 7.45]). After being thawed to room temperature, the cells were treated with lysis buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.2% NP-40. Isolation of intracellular replicative intermediates was performed by micrococcal nuclease-sodium dodecyl sulfate-pronase treatment as described previously (14) . The concentration of 0.2% NP-40 in the lysis buffer was chosen based on the following analysis. Cells transfected with the WT reference virus were treated with lysis buffer containing NP-40 at concentrations of 0.2, 0.4, 1, 2, and 5%. In both cell lines, Southern blotting of viral DNA isolated from these lysates showed a decrease in the amount of viral DNA with increasing concentrations of NP-40 (data not shown). Therefore, 0.2% NP-40 was used in the lysis buffer to ensure the highest yield of DNA.
Viral DNA was resolved on 1.25% agarose-1ϫ Tris-borate-EDTA gels. Southern blotting analysis was performed as described previously (13) . A genome-length, minus-strand-specific HBV subtype ayw RNA probe was used to detect the minus-strand DNA.
Statistical analysis. In the Southern blotting analyses, we wanted to compare the proportion of RC DNA of the variants to that of the WT reference virus.
Using statistical methods, we tested the null hypothesis, H0, against the alternative hypothesis, H1, where H0 and H1 were defined as follows: for H0, the proportion of RC DNA of the variant is the same as that of the WT reference; for H1, the proportion of RC DNA of the variant is different from that of the WT. We then used a two-sided Wilcoxon signed rank test (using Mstat 3.21) to decide whether to accept H0 or H1 (14) . In general, if P is Ͻ0.05, we reject H0 and accept H1 and consider the difference in levels of RC DNA synthesis to be statistically significant.
RESULTS
Aim and experimental design. Our aim was to identify cisacting sequences, distinct from those of DR1, DR2, 5Јr, and 3Јr, which contribute to the synthesis of HBV RC DNA. To search for these sequences in the genome, we analyzed a set of deletion variants, which collectively represent all of the HBV genome except for sequences of DR1, DR2, 5Јr, 3Јr, and epsilon (Fig. 2) . The names of the deletion variants reflected the nucleotides (inclusive) of the HBV sequences that were deleted. In our studies, the molecular clone that expressed HBV subtype ayw WT pgRNA with no P, C, or envelope protein expression was referred to as the WT reference or standard virus. We analyzed viral DNA synthesis in transfected cell cultures. Huh7 and HepG2 cells were cotransfected with two plasmids. One plasmid expressed WT pgRNA or its derivatives and served as the template for reverse transcription but did not express envelope, P, or C proteins. The second plasmid expressed P and C proteins but not envelope proteins, and its pgRNA was defective for encapsidation. This strategy ensured that any mutant phenotype observed was due to a disruption of a cis-acting sequence instead of the expression of a mutant form of a viral protein. Because neither plasmid expressed the envelope proteins, viral cytoplasmic capsids were not secreted as virions. For the isolation of viral DNA from cytoplasmic capsids, HepG2 cells were harvested on day 5 posttransfection and Huh7 cells were harvested on day 6 posttransfection. These time points reflected the times when total viral DNA and RC DNA reached their peak levels (data not shown). Conditions for the isolation of viral DNA were optimized for both HepG2 and Huh7 cultures (see Materials and Methods). Viral DNA was analyzed by Southern blotting.
Multiple cis-acting sequences are required for the synthesis of RC DNA. Southern blot analysis of WT replicative intermediates reveals a characteristic pattern of DNA forms that included RC, DL, and single-stranded (SS) DNA and other minor DNA species (Fig. 3A and B, lanes 1) . RC DNA was assumed to be the DNA form that had the lowest mobility in the gel. The identity of DL DNA was determined based on its comigration with the 3.2-kb linear DNA marker (data not shown). The identity of SS DNA was determined based on its comigration with the SS DNA marker (data not shown). The identity of other minor DNA species on Southern blots is not yet known. For the deletion variants, the identities of DL DNA and SS DNA were determined by their corresponding linear DNA and SS DNA markers (data not shown). We used the proportion of RC DNA in the total DNA intermediates that contain mature minus-strand DNA as the measurement of the efficiency of RC DNA synthesis. In HepG2 cells, the average proportion of RC DNA for the WT reference virus was 20.7% Ϯ 2.7%. In Huh7 cells, this value was 11.7% Ϯ 2.5%.
We asked whether each of the deletion variants synthesized RC DNA to the same degree as the WT reference did. Therefore, we compared the proportion of RC DNA of each of the deletion variants with that of the WT reference and expressed the relative RC DNA proportion of the variants to that of the WT. The values reported in Fig. 2 represent averages of the relative RC DNA proportions derived from measurements made with viral DNA isolated from multiple independent transfections (at least five for HepG2 and at least six for Huh7). Representative Southern blots of these variants in both HepG2 and Huh7 cells are shown in Fig. 3 .
All deletion variants except one accumulated viral DNA when analyzed by Southern blotting. Variant 1744-1814 did not accumulate detectable levels of DNA in HepG2 or Huh7 cells (Fig. 3A and B, lanes 23 ). This indicated that the sequence within nt 1744 to 1814 is required for one or more steps prior to the synthesis of plus-strand DNA. Because deletion variant 1744-1814 did not accumulate minus-strand DNA, further analysis of this region was not carried out.
For the remainder of the variants, we placed them into four groups based on their ability to synthesize RC DNA compared to that of the WT reference. Placing variants into four groups was done to simplify the description of their phenotypes and was not meant to imply similarities in the mechanisms that are affected by the mutations.
Group I: deletion variants that had severe defects in synthesizing RC DNA. Variants in group I synthesized RC DNA at proportions less than 5% of that of the WT reference. Group I included variants from two regions of the genome (Fig. 2 and 3) . The first region, represented solely by variant 1833-1844, synthesized only 3% of the WT level of RC DNA in HepG2 cells (P Ͻ 0.043) and 2% in Huh7 cells (P Ͻ 0.043). The decrease in the proportion of RC DNA was accompanied by the increased accumulation of both SS DNA and DL DNA. The 12 nt deleted in mutant 1833-1844 lie between the 5Ј copy of DR1 and epsilon. The second region was initially mapped within nt 2631 and 2996. This deletion variant, variant 2631-2996, had only 4% of the WT level of RC DNA in HepG2 cells (P Ͻ 0.028) and 3% in Huh7 cells (P Ͻ 0.028). To further locate the cis-acting sequences in this region, we analyzed two more deletion variants, variants 2637-2806 and 2820-2995, which bisect the original deletion. Variant 2637-2806 synthesized WT levels of RC DNA, whereas deletion variant 2820-2995 had Յ3% of the WT RC level in both cell lines. Therefore, sequences within nt 2820 and 2995 and within nt 1833 and 1844 make large contributions to the synthesis of HBV RC DNA.
Group II: deletion variants that had modest defects in synthesizing RC DNA. Variants in group II synthesized detectable levels of RC DNA that were lower than those of the WT reference. The difference in the RC DNA proportions among variants in this group and the WT reference was statistically significant (P Ͻ 0.05). This set included two regions as shown 
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in Fig. 2 The second region in group II was adjacent to epsilon. Variant 1914-2327 was partially defective in synthesizing RC DNA in both cell lines (57% of the WT level in HepG2 cells, P Ͻ 0.028; 38% in Huh7 cells, P Ͻ 0.018). However, an attempt to further locate the cis-acting sequences by using two smaller deletion variants bisecting nt 1914 to 2327 failed to uncover a mutant phenotype. Deletion variants 1915-2110 and 2111-2327 were able to synthesize RC DNA to a level close to or higher than that of the WT reference in both cell lines. Since variant 1914-2327 was 413 nt shorter than the WT genome, we asked whether its mutant phenotype was a result of changing the genome size rather than removing a cis-acting sequence from this region. To this end, we analyzed two more variants in which nt 1914 to 2327 were replaced with lacZ sequences (9). Both substitution mutants had dramatic defects in synthesizing RC DNA in HepG2 and Huh7 cells (they synthesized less than 10% of the WT level, P Ͻ 0.02; data not shown). This result suggested that the phenotype of deletion variant 1914-2327 was not due to a smaller genome size or to the creation of novel sequences at the junction that had a negative influence.
In addition, variant 1675-1744 had a slight defect in RC DNA synthesis in HepG2 cells (66% of WT RC DNA, P Ͻ 0.045) but had no significant defect in synthesizing RC DNA in Huh7 cells (80% of WT RC DNA, P Ͻ 0.12). Another variant with different phenotypes in the two cell lines was variant 2972-304. In HepG2 cells, RC DNA of variant 2972-304 was 75% of that of the WT level (P Ͻ 0.004). However, in Huh7 cells, the RC DNA proportion was not significantly different from that of the WT reference (P Ͻ 0.25).
Group III: deletion variants that synthesized RC DNA at proportions higher than those for the WT reference virus. Variants in group III synthesized RC DNA at proportions higher those synthesized by the WT reference, and the difference was statistically significant (P Ͻ 0.05). In HepG2 cells, this group included deletion variants 1915-2110, 2111-2327, and 1420-1510 (Fig. 2) . In Huh7 cells, this set included deletion variants 2111-2327, 2332-2630, 181-681, 1063-1234, 1236-1419, and 1420-1510 (Fig. 2) . At least two possibilities might explain this phenomenon. The first possibility is that the sequences deleted in these mutants played an inhibitory role in the syn- thesis of RC DNA. Removing these nucleotides therefore led to increased proportions of RC DNA. The second possibility is that a smaller genome might carry out plus-strand DNA synthesis more rapidly and accumulate higher proportions of RC DNA. Group IV: deletion variants that synthesized RC DNA to proportions not significantly different from those of the WT reference virus. Deletion variants in group IV synthesized RC DNA to proportions that were not significantly different from those synthesized by the WT reference, based on statistical analysis (P Ͼ 0.05), although the mean values for the relative RC DNA proportions for some variants were greater than 100 (Fig. 2) . (Fig. 2 and 3) .
In summary, analyses of the deletion mutants spanning the genome in both cell lines revealed multiple cis-acting sequences that make positive contributions to the synthesis of HBV RC DNA. The significance of the deletion variants that synthesized higher-than-WT levels of RC DNA is not apparent and awaits further analysis. In general, results with HepG2 cells were consistent with results with Huh7 cells except for those for variants 1915-2110, 2972-304, 181-681, and 1675-1744 (Fig. 2) .
HBV/WHV chimeras confirmed the cis-acting sequences that contribute to HBV RC DNA synthesis. The analysis of variants with deletions indicated the presence of multiple cisacting sequences that make positive contributions to the synthesis of HBV RC DNA. As a complementary and corroborating approach, we analyzed several HBV variants in which regions containing cis-acting sequences were replaced with heterologous sequences. A mutant phenotype of a substitution variant would corroborate our findings of the corresponding deletion variant and reinforce the conclusion that a cis-acting sequence was present in that region of the HBV genome.
We targeted four HBV cis-acting sequences that make positive contributions to RC DNA synthesis: nt 1833 to 1844, 2820 to 2995, 1230 to 1569, and 1604 to 1674 (Fig. 2 and 3) . We constructed HBV/WHV chimera variants (HW1 to HW4) (Fig. 4A ) in which the selected HBV fragments were replaced by the corresponding WHV sequences (30) . We substituted relatively large sections of sequences when constructing these chimeras (Fig. 4A) . In variant HW2, the substituted WHV fragment was 138 bp longer than the original HBV sequence due to the WHV genome being larger than the HBV genome (5). To keep the genome size unchanged, sequences from nt 1062 to 1230 were deleted in HW2. Deletion of nt 1062 to 1230 does not alter the synthesis of RC DNA (Fig. 3A and B, lanes  14) . The ability of these chimeras to synthesize RC DNA was analyzed in HepG2 cells and evaluated by Southern blotting (Fig. 4B and C) . All four chimeras analyzed were defective for RC DNA synthesis. Similar to deletion variants 1833-1844 and 2631-2995, HW1 and HW2 chimeras had severe defects in synthesizing RC DNA (P Ͻ 0.01 for HW1 and P Ͻ 0.005 for HW2). The HW3 chimera had partial defects in synthesizing RC DNA (P Ͻ 0.005), which was also consistent with the deletion results. Interestingly, chimera HW4 accumulated comparable levels of minus-strand-containing DNA, in contrast to the phenotype of deletion variant 1744-1814 ( Fig. 2 and   3 ) and deletion variant 1604-1814 (data not shown), which did not accumulate minus-strand DNA. This indicated that the substituted WHV sequence was functional in accumulating minus-strand DNA in the context of the HBV genome. For HW4, its RC DNA synthesis was also partially defective (P Ͻ 0.005). Therefore, results for HW1, HW2, HW3, and HW4 corroborated the findings from our deletion analysis.
As a control, we analyzed a chimera variant in which a region shown not to be important for HBV RC DNA synthesis was replaced with the corresponding WHV sequence. We asked whether this variant synthesized RC DNA at a level similar to that of the WT standard. Chimera HW5, which had sequences from nt 1062 to 1230 replaced by the corresponding WHV sequence, was able to replicate RC DNA at a level similar to that of the WT standard (Fig. 4) .These chimeras were also analyzed in Huh7 cells. Results obtained with Huh7 cells were very similar to the results with HepG2 cells (data not shown).
DISCUSSION
We analyzed multiple deletion mutants that as a set represent the entire HBV genome except for sequences of DR1, DR2, 5Јr, 3Јr, and epsilon. We found evidence for the presence of multiple cis-acting sequences that make positive contributions to the synthesis of RC DNA. Analysis of several HBV/ WHV chimeras corroborated these findings.
Until the present study, little was known about the cis-acting requirements for HBV RC DNA synthesis. Perri and Ganem identified a sequence near the 5Ј terminus of pgRNA of the adw2 subtype, called UBS, which is important for the synthesis of the plus-strand DNA (22, 23) . In another study, a cis-acting sequence designated ⌽ (F) located upstream of the 3Ј copy of DR1 on pgRNA of the ayw subtype was shown to be important for efficient viral replication (31) . Our study represents a comprehensive and quantitative analysis of the cis-acting sequences for the synthesis of HBV RC DNA. The sequence comprising nt 1833 to 1844 overlaps the 5Ј UBS sequence of adw2 (22) . Consistent with the ⌽ sequence, which is from nt 1769 to 1791, being important for efficient viral replication, we found the sequence comprising nt 1744 to 1814 necessary for one or more steps prior to plus-strand DNA synthesis (31) . More importantly, based on our quantitative analysis, we identified multiple cis-acting sequences for RC DNA synthesis that had not previously been reported.
The mechanisms by which these cis-acting sequences contribute to the synthesis of HBV RC DNA are unknown. In DHBV, three cis-acting sequences, 3E, M, and 5E, which are distinct from the acceptor and donor sites, are necessary for the synthesis of RC DNA (6, 7, 19) . It was demonstrated that base pairing among 3E, M, and 5E contributes to plus-strand template switches, possibly by placing the minus-strand DNA into such a conformation that both ends are juxtaposed (14) . Although DHBV and HBV share very little, if any, nucleotide sequence similarity, a comparison of our findings with those for the DHBV cis-acting sequences reveal interesting similarities, at least superficially. The locations of sequences comprising nt 1833 to 1844, 2829 to 2995, and 1511 to 1587 on the HBV genome are similar to the locations of 3E, M, and 5E on the DHBV genome. Both nt 1833 to 1844 and DHBV 3E are located between DR1 and epsilon. The sequence comprising nt 2829 to 2995 is in the middle of the genome and contains part of the pre-S1 ORF, and the DHBV M sequence is also located in the middle of the genome and contains part of the preS-1 ORF. The sequence comprising nt 1511 to 1587 and DHBV 5E are both located upstream of the DR2 sequence. In terms of the magnitude of defects of the HBV deletion mutants, variants 1833-1844 and 2829-2995 have severe defects in synthesizing RC DNA, whereas variant 1511-1587 has a modest defect. These observations appear to correspond to the phenotypes of the 3E, M, and 5E deletion mutants of DHBV, respectively (6, 7) . These similarities between DHBV and HBV cis-acting sequences raise the question of whether HBV also uses base pairing between these cis-acting sequences to contribute to plus-strand DNA synthesis, similar to that of DHBV. Although there appear to be similarities between the cis-acting sequences of HBV and DHBV, HBV appears to have more cis-acting requirements than DHBV for the synthesis of RC DNA. Sequences within nt 1614 to 1744, 1914 to 2327, and 2972 to 304 also contribute to efficient RC DNA synthesis. Therefore, it is likely that the mechanisms of HBV plus-strand DNA synthesis are not identical to those of DHBV. The HBV cis-acting sequences may also function by affecting the kinetics of RC DNA synthesis. Further analysis needs to be performed to understand exactly how the HBV cis-acting sequences function to contribute to RC DNA synthesis.
Throughout our analysis, we measured the accumulation of RC DNA in transfected cells by Southern blotting as a way to evaluate its synthesis. The accumulation of RC DNA is determined by the balance of its synthesis and loss. The loss of DNA-containing capsids could occur through their release into the media or by intracellular degradation. We think the selective loss of RC DNA-containing capsids does not contribute significantly to the lack of accumulation of RC DNA in our analysis. The normal exit pathway for RC DNA-containing capsids from cells is dependent on HBV envelope proteins. In our experimental system, envelope proteins are not present. Although a small portion of capsids containing replicative intermediates at all stages of DNA synthesis was released into the media in our system, the majority of the WT replicative intermediates remain cytoplasmic (data not shown). However, for the mutants, it is possible that they have accelerated selective release of RC DNA-containing capsids (but not DL DNAor SS DNA-containing capsids) into the media in an envelope protein-independent manner or accelerated selective degradation of RC DNA-containing capsids intracellularly. Although to our knowledge there is no precedence for such mechanisms, our analysis cannot exclude these possibilities.
In our study, we used deletion variants to identify cis-acting sequences for the synthesis of RC DNA. It is possible that instead of removing cis-acting sequences that contribute directly to the synthesis of plus-strand DNA, the deletions indirectly affected plus-strand synthesis, for example, by fortuitously affecting the conformation of the minus-strand DNA template. However, the observations that not all deletion variants have mutant phenotypes and that most of the cis-acting sequences identified can be further mapped to smaller sequences make this possibility less likely. Additionally, the fact that the WHV substitution mutants had phenotypes similar to those of the original HBV deletion mutants appears inconsistent with the possibility that deletions fortuitously created a bad DNA template. The resolution of this issue awaits a mechanistic understanding of the deletion variants.
For DL DNA, plus-strand DNA is initiated from DR1, and no template switch is involved in its synthesis (28) . We measured the levels of DL DNA of the deletion variants by Southern blotting (data not shown). Most of the deletion mutants had proportions of DL DNA similar to those of the WT reference. However, variants 1833-1844, 1914-2327, 2631-2996, 1063-1570, and 181-681 synthesized two-to threefold more DL DNA than did the WT in both HepG2 and Huh7 cells. It is interesting that the increase in DL DNA in the first four variants mentioned above was accompanied by the defects in RC DNA synthesis. It could be speculated that the increase in DL DNA in these deletion variants was a result of inhibition in priming from DR2 (primer translocation). To make the analysis of in situ priming more compelling, an alternative assay such as a primer extension needs to be performed.
